Catalytic performance of nickel-loaded zeolite-based supports for CO2 reforming of methane was investigated. Among the three zeolites (H-Y, H-mordenite, and Na-mordenite), H-mordenite was the best support for the reaction, probably due to its thermal stability.
Introduction
Reforming of natural gas with carbon dioxide, i.e. dry reforming of methane, is a very important reaction both theoretically and industrially1)-3) because of its implications in the following: (1) reduction of the greenhouse gases, carbon dioxide and methane, (2) conversion of natural gas, which is less valuable and less reactive gas as chemicals, to valuable synthesis gas, a mixture of hydrogen and carbon monoxide, (3) effective utilization of low grade natural gas resources containing methane and carbon dioxide, and (4) production of synthesis gas with high CO/H2 ratio. Hydrogen in the products can be applied as a fuel for fuel cells and synthesis gas can be converted to ultra clean fuels containing no sulfur and fewer aromatics such as gasoline, gasoil, methanol, and dimethyl ether (DME) via the Fischer-Tropsch and related reactions. In general, dry reforming is catalyzed by group VIII transition metals, so nickel and noble metals such as rhodium, ruthenium, etc. are candidates for industrial catalysts of the reaction. Nickel is available at a low price and is highly active for this reaction, at least in the initial stage, but loses activity rapidly by carbon deposition. Catalytic Test Reforming reactions were carried out at atmospheric pressure in a continuous flow fixed bed reactor using 200mg of catalyst (pulverized to particle size between 0.6mm and 1.0mm) diluted with 1.0g of sea sand (20-35 mesh, Wako Pure Chemicals Ind. Ltd.). The cataelectric furnace reached the determined temperature, the feed gas (CO2/CH4/He=20/20/40, in ml/min) was introduced into the reactor to start the reaction. The products were analyzed by an on-line gas chromatograph (a Shimadzu GC-17 with a PoraPLOT Q column and a thermal conductivity detector).
2.3.
Temperature-programmed Oxidation (TPO) Experiments The used catalyst (after the reaction of methane with a platinum pan centered in the electric furnace of a Shimadzu TG-50H thermobalance, then the apparatus min under a flow of air (50ml/min). Data acquisition and processing were conducted on an IBM compatible PC connected with the thermobalance.
Results and Discussion
Dry reforming of methane was conducted using sevture. The time profile of conversion of CO2 is summarized in Fig. 1 . Using Ni/HY catalyst, the initial conversion of CO2 was modest, but the catalyst activity decreased to only 15% conversion of CO2 within 400 min. X-Ray diffraction (XRD) analyses of fresh and used Ni/HY catalysts showed that the crystalline structure of H-Y zeolite was destroyed to produce amorphous Al2O3 and SiO2 during the reaction, which apparently caused the rapid decrease of the Ni/HY catalytic activity. Ni/HM catalyst showed a considerably higher initial activity than Ni/HY and retained the activity for about 24h: Conversions of CO2 at 5h and 24h
were 95% and 92%, respectively. XRD analysis of fresh and used Ni/HM showed the diffractograms were similar, suggesting that the mordenite structure was retained during the reaction. These results may suggest that destroying the zeolite structure correlates with the deactivation of a catalyst.
CO2 conversion of
Ni/NaM was similar to that of Ni/HM at an early stage of the reaction, but decreased to 86% after 24h-reaction. Ni/Al2O3 catalyst showed a rather different time profile: Conversion of CO2 at start point was around 40%, but increased to 83% within 24h.
Nickel aluminate (NiAl2O4) generated from calcination of Ni(NO3)2/Al2O3 is little reduced to Ni0 by H2 at tempered as Ni/Al2O3-800). The reaction result is also shown in Fig. 1 , indicating that the resulting Ni/Al2O3-800 had rather high activity and stability. These catalysts showed higher activity although the To investigate the nature of the nickel species on each support, X-ray photoelectron spectra (XPS) of Ni/HM, Ni/Al2O3, Ni/Al2O3-800, and Ni/HM-Al2O3 were measured.
Before analysis, the catalysts were Al2O3-800) under hydrogen. The analytical method employed in this study cannot accurately evaluate the ratio of zero-valent nickel (Ni0) to nickel oxide (NiO), because the catalysts were exposed to air before XPS analyses after reduction. The Ni 2p3/2 XPS spectra obtained are shown in Fig. 3a) . Each spectrum could be separated into six peaks by curve resolution (for example, see Fig. 3b) ), three of which were main peaks and the others were satellite peaks. The three main peaks were located at 852.0eV, 854.8-855.0eV, and 856.0-857.2eV ( Table 2 ). The binding energies of Ni 2p3/2 in Ni0, NiO, and NiAl2O4 are 852.2eV21), 854-855 eV21), and 856-857eV21)-23), respectively.
Therefore, the three main peaks appeared in the spectra could be assigned to Ni0 (852.0eV), NiO (854.8-855.0eV), and NiAl2O4 (856.4-857.2eV), respectively.
Concentrations of nickel species on the catalysts determined by XPS analysis followed by curve resolution are shown in Table 2 . The concentration of NiAl2O4 was the whereas NiAl2O4 species decreased and NiO increased in Ni/Al2O3-800. Major Ni species in Ni/HM were To investigate the amount and reactivity of carbonaceous materials deposited on the catalysts, temperature programmed oxidation (TPO) experiments of the catalysts were conducted.
Differential curves of the TPO data are shown in Fig. 6a ). Differential curves of all samples had two peaks, one in the lower temperature region assigned as the desorption of adsorbed small molecules, the other corresponding to the oxidation of carbon materials on the catalysts.
By integrating these curves, the amounts of small molecules adsorbed and carbon deposits on the catalyst could be estimated as shown in Table 3 . About 2-4wt% of carbonaceous materials were deposited on the catalyst after the 24h-reaction, in the following order: Ni/HM (21mg-C/gcat.)<Ni/HM-Al2O3 (36mg-C/g-cat.)<Ni/Al2O3-800 (38mg-C/g-cat.).
The activation energy for oxidation of carbons can be calculated based on the results of TG analysis24). The energies were 96kcal/mol for Ni/ Al2O3-800, 180kcal/mol for Ni/HM-Al2O3, and 213 kcal/mol for Ni/HM. Higher activation energy was associated with lower carbon reactivity, so that Ni/HM had less deposited carbon but lower reactivity than on This indicates that Ni/HM-Al2O3 consisted of a physical mixture of Ni/HM and Ni/Al2O3. Both reactive and unreactive carbon species are deposited on the catalysts during the reforming reaction. Reactive carbon consists of graphitic carbons and unreactive carbon consists of amorphous carbons based on TPO, XPS, and XRD analyses of the used catalysts24). Reactive carbon is filamentous and unreactive carbon is moss-like based on scanning electron microscope (SEM) and transmission electron microscope (TEM) observations25). In the present study, TPO experiments of the catalyst treated with CH4 at TPO data for the catalysts treated with CH4, this peak might be assigned as amorphous carbon. Disappearance of graphitic carbon (or filamentous carbon) in the catalysts used in the reforming reaction might indicate gasification of the carbon by carbon dioxide.
The present study investigated the dry reforming reaction of methane using nickel-loaded zeolite-based supports and found that mixed supports of H-mordenite and alumina showed the best catalytic performance. The reason why this catalyst showed the highest activity and highest stability of catalytic performance is unclear. Further study including SEM observation, temperature programmed reduction (TPR) experiments, etc., is now in progress.
Conclusion
In the present study, investigation of the activity of Ni-loaded zeolites and zeolite-based supports for dry reforming of methane obtained the following results.
(1) Activity of the Ni-loaded zeolite catalysts showed the following order: Ni/HM>Ni/NaM>Ni/HY. Ni/HM had the highest activity for dry reforming of methane and retained the activity for 24h: CO2 conversion over Ni/HM was 94% and 92% for 5h-and 24h-reactions, respectively. (2) Mixing of alumina with zeolite could prevent the deactivation of catalyst. Ni/HM-Al2O3 tested showed the highest performance among the catalysts in this study and retained the activity for more than 20h, although the details of the mechanism were unclear. 
